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a  b  s  t  r  a  c  t
For  incompletely  reduced  graphene  oxides  (RGOs),  an  effect  of oxygen  functional  groups  such  as  car-
boxyl,  phenol,  carbonyl,  and  quinone  on  electrochemical  capacitive  behavior  was  studied.  To prepare
RGO  thin-ﬁlm  electrodes,  a  simple  fabrication  process  by (i) dropping  and  evaporating  the graphene
oxide  (GO)  solution,  (ii)  irradiating  pulsed  light,  and  (iii)  heat-treating  at 200  ∼ 360 ◦C was  applied.  It  was
notable  that  the  pulsed  light  irradiation  was  effective  to  prevent  the disﬁguring  of deposited  GO  thin-
ﬁlm  during  the  thermal  reduction.  From  XRD  analyses,  interlayer  distances  of  the RGOs  were  gradually
decreased  from  0.379  to 0.354  nm. As  increasing  the thermal  reduction  temperature  from  200  to 360 ◦C,
XPS  O  1s  spectra  analyses  showed  that  the  atomic  percentages  of  carboxyl  and  phenol  of  the  RGOs  were
sustained  as 5.40  ± 0.36 and  4.77  ±  0.41  at%  respectively.  Meanwhile,  those  of carbonyl  and  quinone  of
the  RGOs  were  gradually  declined  from  3.10  to  1.81  and  from  1.32  to  0.65  at% with  different  thermal
reduction  temperature  respectively.  For  all RGO thin-ﬁlm  electrodes,  the speciﬁc  capacitance  from the
CV measurement  in  6 M  KOH  was  sustained  as ca. 220  F  g−1 at  the  scan of 5 mV  s−1. However,  in  1 M
H2SO4, the speciﬁc  capacitance  was  gradually  decreased  from  171  to  136 F  g−1.  After  100,000  cycles  in
6  M KOH,  1  M  H2SO4, and  0.5  M  Na2SO4, the  RGO (200 ◦C)  electrodes  showed  ca.  92, 54, and  104% of  the
initial  capacitances  respectively.  The  atomic  percentages  of the  oxygen  functional  groups  involved  in  the
pseudocapacitive  Faradaic  reaction  were  decreased  after  the  cycle  test.  Especially  in  1 M  H2SO4,  quinone
group  was  decreased  to  ca.  48% of  initial  atomic  percentage,  which  seems  to  be  a main  reason  for  the
drastic  reduction  of capacitance.  The  speciﬁc  pseudocapacitance  per  unit  atomic  percentage  for  either
carboxyl  or  phenol  group  in 6  M KOH  was  obtained  as  12.59  F g−1 at%−1.  For  carbonyl  group  in  1  M  H2SO4,
it  was  a slightly  deviated  value  as  13.55  F  g−1 at%−1.  For  quinone  group  in  1  M  H2SO4, it  was  27.09  F
g−1at%−1.
2013© 
. Introduction
Comparing with the secondary battery, the supercapacitor has
ome distinctive and advantageous performances such as high
ower density, excellent charge-discharge cycle, and environmen-
ally friendliness. The supercapacitor is classiﬁed into an electric
ouble layer capacitor (EDLC) and a pseudocapacitor. Charge stor-
ge mechanism of the EDLC is based on the electrostatic adsorption
f charge separated ions on the surface of an electrode material.
∗ Corresponding author. Tel.: +82 42 860 3117, fax: +82 42 860 3133.
E-mail addresses: kjhy@kier.re.kr (J.-H. Kim), SeungBinPark@kaist.ac.kr
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As electrode materials for the EDLC, carbon-based materials such
as activated carbon, carbon nanotube, carbon aerogel, and carbon
ﬁber are used in general. For the pseudocapacitor, it is based on
very fast and fully reversible Faradaic redox reactions at the inter-
face between the electrode and electrolyte. As electrode materials
for the pseudocapacitor, some metal oxides (e.g. MnO2, NiO, RuO2)
and conductive polymers (e.g. polyaniline, polypyrrole) are used.
In recent years, the graphene has been emerged as one of attrac-
tive electrode materials for supercapacitors. The graphene, deﬁned
strictly, is one atom-thick layered crystalline with honeycomb
structure of sp2-bonded carbon. Because of its excellent physical
Open access under CC BY-NC-ND license.properties such as extremely large surface area (2,630 m2 g−1) [1],
electrical conductivity (∼106 S cm−2) [2], thermal conductivity (∼
5,000 W m−1 K−1) [3], Young’s modulus (E = 1.0 ± 0.1 TPa) [4], and
optical transmittance (∼ 97.7%) [5], the graphene has been widely
 license.
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tudied for applications to sensor [6–8], transistor [9–11], semi-
onductor [12,13], transparent conductive electrode [14–16], and
ithium-ion battery [17–19].
By using the outstanding characteristic of the graphene, lots of
esearches on the graphene for supercapacitor electrodes are being
onducted. It is announced that the electric double layer capac-
tance per unit speciﬁc surface area can be up to ca. 21 F cm−2
nd so a maximum speciﬁc capacitance can be ca. 550 F g−1 when
he surface area of a graphene is 2,675 m2 g−1 [20]. However, it is
ot practical to use such a high speciﬁc surface area of monolay-
red graphene powder for the supercapacitor electrode. In general,
raphene powders which were produced from a chemical or a
hermal reduction process of oxidized graphites do not have a
onolayered- but a multilayered-graphene morphology because
f restacking graphene layers during the reduction process. When
he reduced graphene oxide (RGO) is not completely reduced, the
GO contains some oxygen functional groups. Here, it is presum-
ble that the RGO with oxygen functional groups may  have not only
n electric double layer capacitance but also a pseudocapacitance
21–23]. For instance, a prominent redox peak is usually observed
n the cycle voltammetry (CV) of the RGO electrode in H2SO4
lectrolyte. It is known that quinone groups of the RGO are respon-
ible for the pseudocapacitive Faradaic redox reaction in H2SO4
lectrolyte [24,25]. However it is not enough to understand the
lectrochemical capacitive behavior of the RGO containing other
xygen functional groups in alkaline electrolytes.
In this study, we intended to understand what and how the oxy-
en functional group of the RGO affects electrochemical capacitive
ehavior. For this purpose, a new method to fabricate the RGO
hin-ﬁlm electrode was  developed at ﬁrst. The method is simple
nd effective to prepare the RGO thin-ﬁlm electrode and to control
xygen functional groups quantitatively. Aqueous solutions of 6 M
OH, 1 M H2SO4, and 0.5 M Na2SO4 were used as alkaline, acidic,
nd neutral electrolytes so as to investigate some differences of
lectrochemical capacitive behavior caused by oxygen functional
roups.
. Experimental
.1. Synthesis of the graphene oxide (GO)
The GO was prepared by a modiﬁed Hummers method. 12.0 g
f graphite powder (< 20 m,  Sigma-Aldrich), 10.0 g of K2S2O8
> 99.0%, Sigma-Aldrich), and 10.0 g of P2O5 (97%, Sigma-Aldrich)
ere immersed little by little in 48.0 ml  of H2SO4 (95%, OCI Com-
any Ltd.) and stirred at 80 ◦C for 4 hours, and then cooled down
o the room temperature. After adding DI water until pH of the
ixed solution to be ca. 5, the solution was ﬁltered with a mem-
rane (0.2 m,  Nylon, Whatman) by vacuum suction and dried at
he room temperature in air for 12 hours to obtain a preoxidized
raphite powder. The preoxidized graphite powder was  transferred
o a beaker containing 480 ml  of H2SO4. Then, 60 g of KMnO4 (>
9%, Sigma-Aldrich) was added little by little to the beaker in an ice
ath very carefully. After stirring at 35 ± 5 ◦C for 2 hours, 3,800 ml
f DI water was added to the solution and stirred overnight. Subse-
uently, 80 ml  of H2O2 (ca. 30%, Junsei Chemical) was slowly added
o the solution of the beaker in the ice bath. After vigorous stirring
or 50 minutes, the solution was ﬁltered and transferred to 2 L of 5%
Cl (35.0%, Junsei Chemical), and stirred for 130 minutes. Then, it
as washed and ﬁltered again so as to be a GO slurry. After dissolv-
ng the GO slurry in DI water, the GO solution was  centrifuged at
4,000 rpm for 20 minutes and the precipitated GO was removed.
article sizes of the precipitated GO are too large to be few tens
ayered graphene oxide at least. Final pH and concentration of the
entrifuged GO solution were ca. 3.6 and 0.16 mg  ml−1 respectively.Fig. 1. Schematic diagram of preparing RGO electrode.
For analyses of physical properties of the GO, the GO solution was
centrifuged and dried at 50 ◦C in a vacuum oven for 48 hours and it
is denoted as a pristine GO in this study.
2.2. Preparation of working electrode
Procedure for fabricating the RGO thin-ﬁlm electrode is a sim-
ple as illustrated in Fig. 1. The prepared GO solution was  dropped
on a weighted Au current collector (18 mm diameter of Au plate
disk) on a hot plate adjusted at 90 ◦C. After evaporating water
and self-assembling the GO ﬂakes to deposit GO thin-ﬁlm, the GO
thin-ﬁlm was  exposed under a pulsed ﬂash-light device (76 MZ-5
digital, Metz-Werke GmbH & Co KG, 290 W).  Above processes were
repeated until the deposited GO mass to be ranged between 0.8
and 0.9 mg.  The pulsed ﬂash-light irradiated GO thin ﬁlm which is
deposited on the Au current collector is denoted as GO (90 ◦C). In
order to reduce the GO, the deposited GO thin-ﬁlm was thermally
treated at 200, 240, 310, and 360 ◦C in a box furnace (ThermVac
Engineering Co.) for 8 hours. The temperature was increased with
the rate of 3 ◦C min−1. The prepared samples are denoted as RGO
(200 ◦C), RGO (240 ◦C), RGO (310 ◦C), and RGO (360 ◦C) respectively.
By means of a microbalance (MSA2.7S-000-DF, Satorius, 0.1 g of
resolution) equipped in an electrostatically shielded glove box, a
mass for each sample of RGO thin-ﬁlm electrode including the Au
current collector was precisely measured and compared with a
readily measured mass of Au current collector. The measured mass
of RGO thin-ﬁlms were ranged within 0.5 to 0.6 mg. The thickness
of RGO thin-ﬁlms measured by a micrometer gage (Mitutoyo) were
not uniform but less than ca. 2 m.
2.3. Properties of the RGO thin-ﬁlm
Thickness of the pristine GO ﬂake was measured by using an
atomic force microscope (AFM, XE-100, Park Systems, PSIA). To
observe microstructures of RGO thin-ﬁlm samples, a scanning
electron microscope (SEM, S-4800, Hitachi)was used. Thermogravi-
metric analyzer (TGA, Setaram) was used to see a mass variation
depended on temperature. The RGO thin-ﬁlm sample was heated
up to 1,000 ◦C in N2 atmosphere with the rate of 5 ◦C min−1. Crystal-
lographic structure of the sample was  analyzed by X-ray diffraction
(XRD, D/MAX-2500PC, Rigaku) at the scanning rate of 1◦ min−1.
Existence of oxygen functional groups were examined by Fourier
transform infrared spectroscopy (FTIR, IFS66 V/S & HYPERION 3000,
BrukerOptiks). X-ray photoelectron spectroscopy (XPS, MultiLab
2000, Thermo) measurements and analyses were conducted to
obtain more quantitative information on the oxygen functional
groups for each RGO thin-ﬁlm sample.
2.4. Electrochemical cell tests
For the electrochemical cell test, the three electrode systems
with 6 M KOH (95.0%, OCI Company Ltd.), 1 M H2SO4 (95.0%, OCI
Company Ltd.), and 0.5 M Na2SO4 (99.0%, Sigma-Aldrich) aqueous
solutions as electrolytes were set up. As a counter electrode, acti-
vated carbon (Kansai Coke), PVDF-HFP (KYNAR 2801), and Super-P
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oration and the ﬂash-light irradiation. Meanwhile, the RGOs with
thermal reductions above 200 ◦C are much more thermally stable
either than the pristine GO or the GO (90 ◦C), because residual waterFig. 2. Photographs of thermally treated GO at 200 ◦C without puls
TIMCAL) were mixed in NMP  (Junsei Chemical) with the ratio of
:1:1, and then pasted on the Au current collector. Then, the counter
lectrode was dried at 120 ◦C in vacuum for 12 hours. Total mass
f loaded materials for the counter electrode was ca. 7 mg. Au wire
diameter 1.0 mm)  was used as a reference electrode and a glass-
ber membrane (diameter 18 mm,  Whatman GF/B) was  used as
 separator. Cell test kit (ECC-AQU, EL-CELL, Germany) was used
or the three electrode system. After assembling test cell including
lectrodes and separator with a selected electrolyte in the kit, the
ssembled cell was treated in a vacuum desiccator for 30 minutes
or soaking. The cyclic voltammetry (CV) was carried out by using a
ersastat device (Princeton Applied Research). Potential windows
ere set up in the rage of -1.1 to -0.2 V (vs. Au) in 6 M KOH, -0.5 to
.4 V (vs. Au) in 1 M H2SO4, and -0.6 to 0.3 V (vs. Au) in 0.5 M Na2SO4.
can rates were 5, 10, 20, 30, 50, 100, 200, 300, 400 and 500 mV
−1 for each electrolyte. Cycle-life tests for the RGO (200 ◦C) in 6 M
OH, 1 M H2SO4, and 0.5 M Na2SO4electrolytes were conducted at
he scan rate of 500 mV  s−1until 100,000 cycles.
. Results and discussion
.1. Effect of pulsed ﬂash-light irradiations
In different way of fabricating graphene electrodes for supercap-
citors [25–27], RGO thin-ﬁlm electrodes were simply fabricated
ithout using any binder and conductive materials in this study.
ig. 2 shows photograph images of thermally reduced GO thin-ﬁlms
t 200 ◦C without pulsed ﬂash-light irradiations (a) and with pulsed
ash-light irradiations (b). In the case of without irradiations, the
eposited RGO thin-ﬁlm after the thermal reduction is detached in
art from the Au current collector. But the irradiated RGO thin-ﬁlm
s well adhered to the Au current collector. The possible mecha-
ism for the reduction of the graphene oxide by the radiation of
ight energy is reported by P. Kumar et al. [28] as;
O + h→ GO(h+ + e−) (1)
 h+ + 2H2O → O2 + 4H+ (2)
e− + GO + 4H+→ RGO + 2H2O (3)
here h is Planck’s Constant (= 6.626 × 10−34 J·s),  is frequency
s−1), h+ is hole, and e− is electron.In equation (3), recombination of electron and hole pairs of the
O produces the reduced graphene oxide and water molecules.
he ﬂeeing water molecules produced as in equation (3) may  form
ome pathways without detaching the RGO sheet from the currenth-light irradiations (a) and with pulsed ﬂash-light irradiations (b).
collector during the thermal reduction step. Therefore, the ﬂash-
irradiated RGO sheet can be stably adhered to the current collector.
In this study, each RGO ﬁlm was irradiated by the pulsed ﬂash-light
before the thermal reduction of heat treatment.
3.2. AFM and SEM images
Based on a typical AFM image as shown in Fig. 3(b), the pris-
tine GO prepared in this study is conﬁrmed as not a monolayered
but few tens layered and ca. 0.8 m length of ﬂake-like shapes.
Fig. 3(c, d, e) shows SEM images of the pristine GO, GO (90 ◦C), and
RGO (200 ◦C) surfaces. In contrast to the pristine GO, GO (90 ◦C)
shows many wrinkles. It is considered as these wrinkles are gen-
erated from a self-assembling of GO thin-ﬁlm deposition during
the evaporation and pulsed ﬂash-light irradiation. RGO  (200 ◦C)
shows more crumpled morphology by thermal reduction at 200 ◦C.
It can be explained that residual water molecules are eliminated
in the mean time of the heating up to 200 ◦C and also some locally
defected lattices of GO layers are being adjusted according to a neg-
ative thermal expansion coefﬁcient of the graphene [29]. At higher
reduction temperatures over 200 ◦C, the crumpled surface mor-
phology of the RGOs were not obviously distinguished from that
of the RGO (200 ◦C) by SEM images.
3.3. TGA analyses
From the TGA analyses, mass changes of the graphite, pristine
GO, GO (90 ◦C), RGO (200 ◦C), RGO (240 ◦C), and RGO (310 ◦C) are
plotted in Fig. 4. No mass change is observed for the graphite. But
the mass of the pristine GO is drastically decreased up to 200 ◦C.
The ﬁrst mass decrement up to 100 ◦C is ascribed to the evapora-
tion of water molecules and the second mass decrement ranging
from 160 ◦C to 200 ◦C is resulted from taking off residual water
molecules along with some oxygen functional groups [30,31]. Mass
retention ratios for the pristine GO and GO (90 ◦C) up to 200 ◦C are
64.0 and 75.6% respectively. The reason for the higher mass reten-
tion ratio of the GO (90 ◦C) over the pristine GO can be explained
as more water molecules have been readily removed by the evap-molecules in the interlayered space of RGOs are eliminated and only
a few portion of the oxygen functional group at the interlayer sur-
face of RGO is remained between the RGO layers after the thermal
reduction.
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reported researches [36,37]. As reported in S. H. Huh’s research [37],Fig. 3. AFM image (a) and thickness proﬁle of GO(b) and SE
.4. XRD analyses
Fig. 5 shows XRD patterns of the graphite, pristine GO, GO
90 ◦C), RGO (200 ◦C), RGO (240 ◦C), RGO (310 ◦C), and RGO (360 ◦C).
n all samples except the graphite and pristine GO, Au peaks are
etected at 38, 44, 65 and 78◦, which correspond to (111), (200),
220), and (311) crystalline planes. In XRD analyses, both the
raphite and the pristine GO were used as the state of powders and
he others of RGO samples were used as thin-ﬁlms deposited on the
u current collector. Hence, the Au peaks in the XRD spectra for the
GOs are unveiled. In the graphite, a very strong peak is observed
t 26.4◦ assigning to (002) plane, which indicates that the graphite
s highly crystalline phase (the intensity was 10 times downscaled
n Fig. 5). The (002) plane peak for the pristine GO is shifted to 10.9◦
nd it becomes broader. Interlayer distance between crystalline
lanes under a wave ﬁeld is calculated by the following Bragg’s
quation (4) [32].d · sin  = n (4)
here, d: interlayer distance, : scattering angle, : wavelength of
ncident X-ray (= 1.54 A˚).
ig. 4. TGA results of graphite, pristine GO, GO (90 ◦C), RGO (200 ◦C), RGO (240 ◦C),
nd RGO (310 ◦C).ges of pristine GO (c), GO (90 ◦C) (d), and RGO (200 ◦C) (e).
The interlayer distance of the graphite and pristine GO crys-
talline planes are 0.337 and 0.811 nm respectively, which are in
accordance with those in previously reported literatures [33–35].
The repulsive force due to water molecules and oxygen functional
groups between the oxidized graphene layers contributed to widen
the interlayer distance [33]. The interlayer distance of GO (90 ◦C)
is somewhat shortened to be 0.747 nm.  It is able to explain that
the repulsive force in GO (90 ◦C) becomes a slightly weaker since
water molecules and oxygen functional groups are less than those
in the pristine GO after the evaporation and pulsed ﬂash-light irra-
diation. The (002) plane peaks of the RGOs are shifted to 24◦ again
and changed to be more broadened. In comparison with GO (90 ◦C),
the interlayer distance of RGO (200 ◦C) is drastically shortened to be
0.379 nm because residual water molecules and much more oxygen
functional groups are removed by the thermal reduction. Besides
the main peak at 24◦, a shoulder peak is detected near 20◦ for the
RGO (200 ◦C) and RGO (240 ◦C), which is coincident with previouslythe peak of GO at 11◦ shifts to higher angle as increasing the thermal
reduction temperature. The shoulder peaks of the RGO (200 ◦C) and
Fig. 5. XRD results of graphite, pristine GO, GO (90 ◦C), RGO (200 ◦C), RGO (240 ◦C),
RGO (310 ◦C), and RGO (360 ◦C).
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GO (310 ◦C), and RGO (360 ◦C).
GO (240 ◦C) at ∼20◦ were caused by increased thermal reduction
emperature up to 240 ◦C.
As increasing the thermal reduction temperature from 200 to
60 ◦C, the interlayer distance is decreased gradually from 0.379 to
.354 nm,  which shows the similar tendency with B. Zhao et al.’s
esearch (from 0.378 nm (200 ◦C) to 0.359 nm (400 ◦C)) [33].
.5. FTIR analyses
The FTIR spectra of the graphite, pristine GO, GO (90 ◦C), RGO
200 ◦C), RGO (240 ◦C), RGO (310 ◦C), and RGO (360 ◦C) are shown
n Fig. 6. For all samples except the graphite, the peaks indicated as
 = O stretching vibration in carboxylic group peaks are observed
a. 1730 cm−1 [38–40]. Strong peaks of the pristine GO and GO
90 ◦C) at 3375 and 3246 cm−1 are corresponding to O-H stretching
Fig. 7. Fitted results of XPS O1s spectra of RGO (200 ◦C) (a), Rta 116 (2014) 118– 128
vibration owing to residual water molecules [40]. For the pristine
GO, the peaks of O-H bending vibration [40], C-O-C [25], and C-O
stretching vibration [41] are shown at 1371, 1225, and 1051 cm−1.
From the fact that the peaks of O-H bending vibration and C-O-C
bonding for GO (90 ◦C) are not observed, since some portion of oxy-
gen functional groups are eliminated by the evaporation and pulsed
ﬂash-light irradiations as described before. Another weak peak of C-
O in carboxylic group for GO (90 ◦C) is observed at 1165 cm−1. C = C
stretching vibration peaks for the pristine GO and GO (90 ◦C) are
detected at ca.1600 cm−1. But, for all RGOs, these peaks are shifted
to 1570 cm−1, as reported by Y. Fang et al. [39]. For all RGOs except
RGO (360 ◦C), the peak of C-O bonding in carboxylic group is also
observed at 1165 cm−1.
3.6. XPS analyses
Plotted results of XPS O 1s spectra for the RGO (200 ◦C), RGO
(240 ◦C), RGO (310 ◦C), and RGO (360 ◦C) are shown in Fig. 7. Bind-
ing energy values of the O 1s orbital for these analyses have been
referred to readily reported literatures [42,43]. XPS O 1s spectrum
in Fig. 7 is used to calculate an atomic percentages (at%) of each
oxygen functional group, since quinone group is not exhibited in a
XPS C 1s spectrum. Atomic percentages from dissected spectra of
XPS O 1s for the RGO (200 ◦C), RGO (240 ◦C), RGO (310 ◦C), and RGO
(360 ◦C) are listed in Table 1. As increasing the thermal reduction
temperature, as shown in Fig. 8, the atomic percentages for carboxyl
and phenol groups are sustained as 5.40 ± 0.36 and 4.77 ± 0.41 at%
respectively. But, for carbonyl and quinone groups, atomic per-
centages are gradually declined from 3.10 to 1.81 and from 1.32
to 0.65 at% respectively as increasing the thermal reduction tem-
perature. Throughout XPS analyses, it is found that all RGOs after
the heat treatment of thermal reduction up to 360 ◦C are not fully
reduced but incompletely reduced since a few portion of the oxygen
functional group is still remained in the RGOs.
GO (240 ◦C) (b), RGO (310 ◦C) (c), and RGO (360 ◦C) (d).
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Table  1
Dissected results of XPS O1s spectra of graphite, pristine GO, GO (90 ◦C), RGO (200 ◦C), RGO (240 ◦C), RGO (310 ◦C), and RGO (360 ◦C).
Atomic percentage (at%)
RGO (200 ◦C) RGO (240 ◦C) RGO (310 ◦C) RGO (360 ◦C)
Quinone 1.32 1.02 0.74 0.65
O  = C-OH (carboxyl) 5.35 5.04 5.62 5.76
C  = O (carbonyl) 3.10 2.77 2.66 1.81
C-O  4.75 2.18 
C-OH  (phenol) 4.36 5.01 
Chemisorbed oxygen 1.70 1.55 
F
t
3
R
H
F
aig. 8. Variations of atomic percentages for RGOs as increasing thermal reduction
emperature.
.7. Cycle voltammetries and the speciﬁc capacitancesFig. 9 shows CV curves of the bare Au current collector and
GO electrodes in three different electrolytes of 6 M KOH (a), 1 M
2SO4 (b), and 0.5 M Na2SO4 (c) at the scan rate of 20 mV  s−1. It
ig. 9. CV patterns of RGO electrodes measured in 6 M KOH (a), 1 M H2SO4 (b), 0.5 M Na2
t  scan rate of 20 mV s−1 (d).3.00 2.34
5.18 4.48
1.60 1.67
is conﬁrmed that charge-discharge currents for the bare Au cur-
rent collector are negligibly small enough in each electrolyte. In
6 M KOH electrolyte, as shown in Fig. 9(a), ﬂatly roundish shapes
of redox peaks are observed, meanwhile the Faradaic redox peaks
in the 1 M H2SO4 electrolyte in Fig. 9(b) are obviously observed
in the potential range between -0.1 to 0.0 V (vs. Au). However, as
shown in Fig. 9(c), all CV curves in the 0.5 M Na2SO4 electrolyte are
maintained as EDLC-like rectangular shapes without the Faradaic
redox peaks. In 6 M KOH and 0.5 M Na2SO4 electrolyte, for all RGO
electrodes, no signiﬁcant difference of CV patterns are exhibited as
shown in Fig. 9(a, c). But, in 1 M H2SO4, CV patterns as shown in
Fig. 9(b) are being shrunken as increasing the thermal reduction
temperature. Fig. 9(d) shows a comparison of CV curves for RGO
(200 ◦C) electrode in three different electrolytes at the scan rate
of 20 mV  s−1. The shape and current values of CV curves are fairly
different.
CV curves of RGO (200 ◦C) electrode at different scan rates from 5
to 500 mV s−1 in three different electrolytes are shown in Fig. 10(a,
b, c). These CV curves are not deformed but proportionally enlarged
as increasing the scan rates up to 500 mV s−1. It seems that electro-
chemical behavior in 6 M KOH and 1 M H2SO4 reveal a hybrid type of
both a pseudo capacitive and an electric double layer capacitive. For
an electrode showing a capacitive behavior, regardless what type of
capacitance, the speciﬁc capacitance (Csp) as a resultant capacitance
SO4(c) at scan rate of 20 mV s−1 and CV curves of RGO (200 ◦C) in three electrolytes
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F d in 6 M KOH (a), 1 M H2SO4 (b), 0.5 M Na2SO4 (c), and variations of speciﬁc capacitances
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iig. 10. (a) CV curves of RGO (200 ◦C) electrodes at scan rates of 5∼500 mV s−1 teste
or  the RGO (200 ◦C) electrode with respect to the scan rate (d).
an be obtained by applying the following equation (5) to its CV
urve data.
sp = 1
s · m · V
∫ V2
V1
idV (5)
here, Csp: speciﬁc capacitance (F g−1), s: scan rate (V s−1), m:  mass
f active material (g), V: voltage difference (Volt), i: current (Amp),
1: lower voltage limit (Volt), V2: upper voltage limit (Volt).
The speciﬁc capacitance variation of RGO (200 ◦C) electrode on
he scan rate is shown in Fig. 10(d). The speciﬁc capacitance in 0.5 M
a2SO4 electrolyte is much smaller than those in either 6 M KOH or
 M H2SO4. In 0.5 M Na2SO4 electrolyte, there is no pesudocapaci-
ance but an electric double layer capacitance. It is able to describe
hat an electric double layer capacitance in 0.5 M Na2SO4 of neu-
ral electrolyte is occurred at ﬁrst by the electrostatic adsorption of
harge-separated ions of Na+ (ionic diameter = 0.204 nm)  and SO42−
0.533 nm)  on the edge plane of multilayered RGO (200 ◦C) ﬂakes.
nstantly, the adsorbed ions begin to insert into the interlayered
pace of RGO (200 ◦C) and then adsorb on the surface of interlayers.
ince the electrochemical kinetics of the electrostatic adsorption
s slower than that of the pseudocapacitive Faradaic reaction, the
eclining trend of the speciﬁc capacitance at higher scan rates in
.5 M Na2SO4 is rather steeper than those in 6 M KOH and 1 M
2SO4. In addition, considering that the pristine GO prepared in
his study has few tens layered and ca. 0.8 m length of ﬂake-like
hapes, an effective speciﬁc surface area of RGO (200 ◦C) with the
nterlayer distance of 0.379 nm is not able to be higher as much as
 mono- or few-layered graphene. Thus, the speciﬁc capacitance
f electric double layer capacitance for RGO (200 ◦C) electrode in
.5 M Na2SO4 shows a relatively lower value of 92.03 F g−1 at the
can rate of 5 mV  s−1.
The result of cycle-life test for the RGO (200 ◦C) electrode is plot-
ed in Fig. 11. After 100,000 cycles at the scan rate of 500 mV s−1
n 6 M KOH, 1 M H2SO4, and 0.5 M Na2SO4 electrolytes, the RGOFig. 11. Variations of relative capacitances of the RGO (200 ◦C) electrodes up to
100,000 cycles at scan rate of 500 mV s−1 in 6 M KOH, 1 M H2SO4, and 0.5 M Na2SO4
electrolytes.
(200 ◦C) electrode showed 91.89, 53.91, and 104.27% of the initial
capacitance, respectively.
3.8. Oxygen functional groups and pseudocapacitances
As shown in Fig. 12, as increasing the thermal reduction tem-
perature from 200 to 360 ◦C, the speciﬁc capacitance at the scan
rate of 5 mV  s−1 for all RGO electrodes in 6 M KOH electrolyte is
maintained at 220.45 ± 5.36 F g−1. In 1 M H2SO4 electrolyte, how-
ever, the speciﬁc capacitance is decreased from 171.03 to 136.45
F g−1. In 0.5 M Na2SO4 electrolyte, the speciﬁc capacitance for all
RGO electrodes are almost constantly maintained as ca. 93 F g−1.
The oxygen functional group of RGO can be classiﬁed into two
groups depending on their acidic or basic nature of aqueous solu-
tion. One is an acidic functional group such as carboxyl, lactone,
phenol, and lactol. The other is a basic functional group including
ketone, quinone, and carbonyl [43,44]. It is known that the acidic
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Table  2
Atomic percentages of oxygen functional groups of the RGO (200 ◦C) electrode before and after 100,000 cycles in 6 M KOH, 1 M H2SO4, and 0.5 M Na2SO4 electrolytes.
Atomic percentage (at%) of RGO (200 ◦C)
Before cycle test After cycle test in 6 M KOH After cycle test in 1 M H2SO4 After cycle test in 0.5 M Na2SO4
Quinone 1.32 1.28 0.63 1.32
O  = C-OH (carboxyl) 5.35 2.96 5.66 5.58
C  = O (carbonyl) 3.10 5.70 2.13 3.35
C-O  4.75 7.15 
C-OH (phenol) 4.36 3.33 
Chemisorbed oxygen 1.70 1.59 
F −1
i
f
a
(
w
a
T
(ig. 12. Speciﬁc capacitances at scan rate of 5 mV s for RGO electrodes as increas-
ng thermal reduction temperature.
unctional group reacts with hydroxyl ions (OH−) in the alkaline
queous solution and the basic functional group reacts with protons
H+) in the acidic aqueous solution [39,43]. Faradaic redox reactions
ith carboxyl and phenol groups observed in 6 M KOH electrolyte
re depicted as following equations (6) and (7) respectively [39,43].
herefore, it is able to describe that the ﬂatly roundish redox peaks
cathodic and anodic) as shown in Fig. 9(a) and 10(a) are revealing
Fig. 13. Fitted results of XPS O 1s spectra of the RGO (200 ◦C) electrodes before (a) an5.28 4.89
4.27 4.48
1.48 1.35
the pseudocapacitive Faradaic redox reaction with carboxyl and
phenol groups.
(6)
(7)
Faradaic redox reactions with carbonyl and quinone groups in
1 M H2SO4 electrolyte are depicted as following equations (8) and
(9) respectively [43,45]. Thus, it is able to describe that the promi-
nent redox peaks in 1 M H2SO4 electrolyte as shown in Fig. 9(b)
and 10(b) are revealing the pseudocapacitive Faradaic redox reac-
tion with carbonyl and quinone groups. In the neutral solution of
0.5 M Na2SO4, since there is no Faradaic redox reactions resulted,
it is not able to obtain a pseudocapacitance.(8)
d after 100,000 cycle tests in 6 M KOH (b), 1 M H2SO4 (c), and 0.5 M Na2SO4 (d).
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(9)
To ﬁnd the changes of atomic percentage of oxygen functional
roups after the cycle tests, we analyzed and compared the XPS
 1s spectra of the oxygen functional groups for the RGO (200 ◦C)
efore and after the 100,000 cycles with the scan rate 500 mV  s−1
n 6 M KOH, 1 M H2SO4, and 0.5 M Na2SO4 electrolytes. As shown
n Fig. 13 and Table 2, after the cycles in 6 M KOH, the atomic per-
entages (5.35 and 4.36 at%) of carboxyl and phenol groups for the
GO (200 ◦C) were decreased to 2.96 and 3.33 at% respectively.
n 1 M H2SO4, 1.32 and 3.10 at% of quinone and carbonyl groups
ere decreased to 0.63 and 2.13 at% after the cycle test respec-
ively. It is notable that atomic percentages of oxygen functional
roups worked in the pseudocapacitive Faradaic reaction have been
ecreased after the cycle tests. Especially, in 1 M H2SO4 electrolyte,
a. 48% depletion of quinone group seems to be a major reason of
he capacitance decrement as shown in Fig. 11. However, in 0.5 M
a2SO4 electrolyte, the atomic percentages are not signiﬁcantly
hanged since oxygen functional groups are not involved in the
seudocapacitive Faradaic reaction.
In order to estimate the pseudocapacitance for RGO electrodes,
e assumed as (i) no other functional groups but four oxygen func-
ional groups of carboxyl, phenol, carbonyl, and quinone in RGO
hin-ﬁlms contribute to the pseudocapacitance. Since it is known
hat the electric double layer capacitance is generated at edge plane
ather than basal plane in most carbon structure, we  considered
hat the interlayer distance of the RGOs is not dominant. Hence,
e assumed the ion size effect for the thin-ﬁlm electrode of RGO
akes with the same interlayer distance is not crucial to the electric
ouble layer capacitance in this study. Therefore, it can be assumed
hat (ii) the electric double layer capacitance for all RGO electrodes
n either 6 M KOH or 1 M H2SO4 is the same as in 0.5 M Na2SO4.
As listed up in Table 3, the speciﬁc pseudocapacitance for each
GO electrode is calculated by subtracting the electric double layer
apacitance in 0.5 M Na2SO4 from the total speciﬁc capacitance of
ach RGO electrode as shown in Fig. 12.
A quinone group generates two times larger capacitance than
he other oxygen groups, because two electrons (e−) per one
uinone group take part in the pseudocapacitive Faradaic redox
eaction as in the equation (9). Therefore, two times larger atomic
ercentage of quinone has to be substituted in calculating a fraction
f the speciﬁc pseudocapacitances for each carbonyl and quinone
roup. As an example for RGO (200 ◦C) electrode in 1 M H2SO4, the
peciﬁc pseudocapacitance for carbonyl and quinone groups are
alculated as following equations (10) and (11) respectively:
9.0Fg−1 × 3.10/(3.10 + 2 × 1.32) = 42.67 F g−1(for carbonyl)
(10)
nd
9.0Fg−1 × (2 × 1.32)/(3.10 + 2 × 1.32)
= 36.33 Fg − 1 (for quinone) (11)
In order to ﬁnd how much pseudocapacitance is generated by
ach functional group with respect to unit mass of each RGO thin-
lm, a parameter that the speciﬁc capacitance per unit atomic
ercentage of an oxygen functional group is deﬁned as ‘the spe-
iﬁc pseudocapacitance per unit atomic percentage’ with its unit
s [F g−1 at%−1]. Ta
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For each oxygen functional group, the speciﬁc pseudocapaci-
ance per unit atomic percentage can be estimated from dividing
he calculated speciﬁc pseudocapacitance for each functional group
y its atomic percentage as in Table 3. The speciﬁc pseudocapac-
tance per unit atomic percentage of carboxyl or phenol group in
 M KOH is obtained as 12.59 F g−1 at%−1. For carbonyl group in 1 M
2SO4, a slightly deviated value as 13.55 F g−1 at%−1 is obtained.
or quinone group, 27.09 F g−1 at%−1 is obtained.
. Conclusions
For incompletely reduced graphene oxides (RGOs), an effect of
xygen functional groups such as carboxyl, phenol, carbonyl, and
uinone on electrochemical capacitive behavior was  studied. To
repare RGO thin-ﬁlm electrodes containing the oxygen functional
roup, a simple fabrication process by (i) dropping and evaporating
raphene oxide (GO) solution on Au current collector, (ii) irradi-
ting intensive pulsed ﬂash-lights on the deposited GO thin-ﬁlm,
nd then (iii) heat-treating the irradiated GO thin-ﬁlm with dif-
erent reducing temperatures at 200, 240, 310, and 360 ◦C was
uccessively applied. From AFM image, the pristine GO that the
O solution was dried at 50 ◦C in a vacuum oven for 48 hours was
bserved as not a monolayered but few tens layered and ca. 0.8 m
ength of ﬂake-like shapes. It was notable that the pulsed ﬂash-
ight irradiation was effective to form and maintain some pathways
or taking off residual water molecules without disﬁguring the
eposited GO thin-ﬁlm during the thermal reduction. Thus, the RGO
hin-ﬁlm after the heat treatment of thermal reduction up to 360 ◦C
ould be adhered stably on the current collector.
From XRD analyses, it was found that 0.811 nm of the interlayer
istance of crystalline for the pristine GO was slightly decreased to
.747 nm by the evaporation at 90 ◦C and pulsed ﬂash-light irradi-
tion and then rapidly decreased to be 0.379 nm after the thermal
eduction at 200 ◦C. As increasing the thermal reduction tempera-
ure from 200 to 360 ◦C, the interlayer distance of RGO (360 ◦C) was
radually decreased to be 0.354 nm.  From XPS O 1s spectra analy-
es, for all RGO thin-ﬁlms, the atomic percentage for each carboxyl
nd phenol was sustained as 5.40 ± 0.36 and 4.77 ± 0.41 at% respec-
ively. But, for carbonyl and quinone groups, atomic percentages
re gradually declined from 3.10 to 1.81 and from 1.32 to 0.65 at%
espectively as increasing the thermal reduction temperature.
For all RGO thin-ﬁlm electrodes, the speciﬁc capacitance in 6 M
OH electrolyte was sustained as ca. 220 F g−1 at the scan of 5 mV
−1. However, in 1 M H2SO4 electrolyte, the speciﬁc capacitance
t the same scan rate was gradually decreased from 171 to 136 F
−1 as increasing the thermal reduction temperature. As a result of
ycle-life test for the RGO (200 ◦C) electrodes after 100,000 cycles
t the scan rate of 500 mV  s−1 in 6 M KOH, 1 M H2SO4, and 0.5 M
a2SO4 electrolytes, ca. 92, 54, and 104% of the initial capacitances
ere shown. The atomic percentages (5.35 and 4.36 at%) of carboxyl
nd phenol groups before the cycle test were decreased to 2.96 and
.33 at% respectively after cycle test in 6 M KOH. In 1 M H2SO4,
.32 and 3.10 at% of quinone and carbonyl groups were decreased
o 0.63 and 2.13 at% after the cycle test respectively. It is notable
hat atomic percentages of oxygen functional groups worked in the
seudocapacitive Faradaic reaction have been decreased after the
ycle tests. Especially, in 1 M H2SO4 electrolyte, ca. 48% depletion
f quinone group seems to be a major reason of the drastic decre-
ent of the capacitance. However, in 0.5 M Na2SO4 electrolyte,
he atomic percentages are not signiﬁcantly changed since oxygen
unctional groups are not involved in the pseudocapacitive Faradaic
eaction.
Assuming as (i) no other functional groups but four oxygen
unctional groups of carboxyl, phenol, carbonyl, and quinone in
he RGO thin-ﬁlm electrodes contribute to the pseudocapacitance
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and (ii) the electric double layer capacitance in either 6 M KOH
or 1 M H2SO4 is the same as in 0.5 M Na2SO4, the speciﬁc pseu-
docapacitances generated by carboxyl and phenol groups in 6 M
KOH electrolyte were 67.80 and 55.25 F g−1 respectively, and also
those by carbonyl and quinone groups in 1 M H2SO4 electrolyte
were 42.67 and 36.33 F g−1 respectively. As a parameter how much
pseudocapacitance is generated by an oxygen functional group for
unit mass of each RGO thin-ﬁlm, the speciﬁc pseudocapacitance
per atomic percentage of carboxyl or phenol group in 6 M KOH
was 12.59 F g−1 at%−1. For carbonyl group in 1 M H2SO4, it was
a slightly deviated value as 13.55 F g−1 at%−1. For quinone group in
1 M H2SO4, 27.09 F g−1 at%−1 was  obtained.
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